The decision for a multi-or pluripotent progenitor cell to develop into a single lineage involves the assembly of key regulatory genes into transcriptionally active chromatin structures, and coordinate inactivation of genes involved in alternative cellular fates. An understanding of the process of chromatin assembly and remodeling must therefore underlie any comprehensive model of cell lineage commitment. The hematopoietic system has great advantages as a general model for study of the epigenetic basis of developmental processes, because differentiation can, to a significant extent, be recapitulated in cell culture. Hematopoietic cells arise from pluripotent stem cells of the bone marrow and develop via different types of precursor cells, which become progressively committed to the different branches of the blood cell system. As a model for cell fate decisions within the hematopoietic system, macrophage development represents a particularly interesting differentiation pathway.
Mononuclear phagocytes are a family of cells comprising bone marrow progenitors, blood monocytes, and tissue macrophages (for review, see Gordon et al. 1992) . Despite their extensive heterogeneity, expression of the c-fms (Macrophage-Colony-Stimulating-factor [CSF-1] receptor) gene is common to all macrophages. CSF-1 is required for macrophage survival in vitro and in vivo (Roth and Stanley 1992; Dai et al. 2002) . C-fms mRNA is expressed constitutively in placental trophoblasts and mononuclear phagocytes. It is detectable in the earliest yolk-sac phagocytes formed during mouse development and expression is maintained in all macrophages throughout adult life . Transcription of c-fms in human trophoblasts and macrophages initiates from two different promoters separated by a 25-kb intron. Exon 1 is transcribed only in trophoblasts, whereas exon 2 is the first exon of transcripts made in macrophages (Visvader and Verma 1989; Roberts et al. 1992) . In mice, the promoter architecture is different, and trophoblast transcription initiation occurs at several sites within 1 kb upstream of the macrophage initiation site, generating multiple alternatively-spliced noncoding exons (R.T. Sasmono, D. Oceandy, J.W. Pollard, W. Tong, P. Low, R. Thomas, P. Pauli, M.C. Ostrouski, S.R. Himes, and D.A. Hume, in prep.) . Despite the distinction, it remains appropriate to call the first coding exon, exon 2 in both species.
Transcription of the mouse fms gene in macrophages has been studied in some detail. The proximal promoter contains multiple purine-rich elements that bind the macrophage-restricted transcription factor PU.1 and other members of the Ets transcription factor family (Ross et al. 1998; Rehli et al. 1999) . We have shown recently that a highly conserved element of the first downstream intron of the gene, referred to as the Fms intronic regulatory element (FIRE) cooperates with the proximal promoter to generate appropriate expression of the gene in stably transfected cells (Himes et al. 2001 ) and in transgenic mice (R.T. Sasmono, D. Oceandy, J.W. Pollard, W. Tong, P. Low, R. Thomas, P. Pauli, M.C. Ostrouski, S.R. Himes, and D.A. Hume, in prep.) . Because CSF-1 is an important growth factor for macrophages in vivo, the activation of the c-fms gene locus has been viewed as a key event in the commitment of multipotent precursor cells to a macrophage-restricted differentiation phenotype. However, committed macrophage progenitor cells that lack CSF-1 receptor on their surface have been described in mouse bone marrow (Sudo et al. 1995) , indicating that cell intrinsic differentiation decisions occur prior to the appearance of c-fms on the cell surface.
Only recently has the regulation of cell fate decisions at the epigenetic level been examined. Experiments from several laboratories including our own demonstrated that lineage-restricted genes in immature precursors could exist in a potentiated chromatin state (Bossard and Zaret 1998; Kramer et al. 1998; Kontaraki et al. 2000) . The existence of this state may underlie the observations that precursor cells can exhibit promiscuous expression of lineage specific markers and regulator genes (Hu et al. 1997; Enver and Greaves 1998; Nutt et al. 1999) . Early chromatin reorganization probably sets the stage for the formation of stable transcription factor complexes at later developmental stages that drive transcription. Once assembled, transcription factor complexes on individual cis-regulatory elements can consist of different sets of transcription factors, depending on the developmental state (Gualdi et al. 1996; Roque et al. 1996; Bossard and Zaret 1998) . Within the hematopoietic system, a few experiments have correlated transcription factor occupancy at specific genes with a fixed differentiation state of primary cells (Shaffer et al. 1997; Hernandez-Munain et al. 1998 ), but none has described the dynamics of transcription factor assembly and chromatin fine structure alterations at a given gene throughout extended stages of cell differentiation.
In this report we describe the assembly of stable transcription factor complexes on c-fms cis-regulatory elements (promoter and FIRE) during the differentiation of primary early myeloid precursor cells into activated macrophages in vitro using in vivo DMS and UV-photofootprinting. We show that the c-fms gene is already transcribed in early myeloid precursors that lack detectable CSF-1 receptor on their surface and that low level transcription is associated with complete transcription factor complex assembly on the c-fms promoter. Subsequently complex alterations in transcription factor occupancy accompany terminal differentiation and activation. Our data suggest that CSF-1 acts on cells in which the c-fms gene has been already assembled into active chromatin. CSF-1 stimulates the growth of these cells, which further modulate their chromatin state to direct terminal differentiation.
Results

Extended regions of chromatin around the c-fms proximal promoter and intronic enhancer become accessible specifically in macrophages
To obtain insight into the regulation of the murine c-fms locus at the level of chromatin structure, we have previously mapped the position of macrophage-specific DNaseI hypersensitive chromatin sites (DHSs) over a 15-kb region upstream and downstream of the c-fms proximal promoter (Himes et al. 2001; Fig. 1A) . We detected three macrophage specific regions of DNaseI hypersensitivity, all of which coincide with DNA sequences that are highly conserved between mouse and man. Two DHS were present in the second intron, one very strong site is an enhancer that is absolutely required to activate c-fms reporter constructs stably integrated into chromatin (Himes et al. 2001 ; R.T. Sasmono, D. Oceandy, J.W. Pollard, W. Tong, P. Low, R. Thomas, P. Pauli, M.C. Ostrouski, S.R. Himes, and D.A. Hume, in prep.) . This element, the FIRE, is a 300-bp region that is more highly conserved between mouse and human that the c-fms coding sequence. To complement and extend these experiments, we determined chromatin accessibility at the proximal promoter (Fig. 1B ) and downstream sequences (Fig. 1A) by partial digestion with different restriction enzymes in fibroblasts and macrophages that lack or express c-fms mRNA, respectively. The data revealed extended regions of chromatin that become accessible to restriction enzyme digestion in macrophages, 400-bp of chromatin flanking the promoter and >2 kb around the downstream DHSs. This may reflect the fact that the c-fms proximal promoter is a GC-rich TATAless promoter with a large number of scattered transcriptional start sites. The DNA in the first intron represents DNA that is actively transcribed and thus is accessible to RNA-PolII action. Interestingly, some restriction sites were also weakly accessible in fibroblasts, which may represent sites localized in nucleosomal linker regions. Taken together, our data extend the earlier evidence (Himes et al. 2001 ) of extensive chromatin remodeling events at the c-fms locus in macrophages.
The establishment of a differentiation system for macrophages from purified mouse bone marrow precursor cells suitable for chromatin fine structure studies
Although chromatin studies at the resolution of Southern blotting can give detailed insight into the position of cell-type and cell-stage specific cis-regulatory elements, they are neither sufficiently sensitive nor of high enough resolution to explain the molecular details of transcription factor occupancy and chromatin fine structure changes during cell differentiation. We therefore set out to establish a purification strategy for defined macrophage precursors that could be differentiated in vitro and that would produce sufficient cell numbers for PCRbased chromatin structure analysis methods. Progenitor cells with high proliferative potential require combined treatment with CSF-1 and other factors, such as Interleukins 3 (IL-3) and 1 (IL-1), to undergo rapid expansion (Bartelmez et al. 1989; Breen et al. 1990) .
We aimed at isolating sufficient numbers of the earliest cells with myeloid characteristics that were able to respond to growth stimulation by IL-3 and CSF-1. In the scheme outlined in Figure 2A , these cells resemble common myeloid precursors (CMPs). Figure 2B describes the purification strategy in which we first remove all mature cells by depletion of lineage marker positive cells using magnetic beads. In the antibody cocktail we included several macrophage specific markers (Mac1 and F/480) and used CD19 to remove B-cells, as early macrophage precursors may be B220 positive (Slieker et al. 1993) . The resulting lineage negative cells were stained with ␣c-kit, ER-MP12 and ER-MP20 antibodies. ␣c-kit antibodies recognize all hematopoietic stem cells, ER-MP12 is a marker for morphologically undifferentiated myeloid blast cells, whereas ER-MP20 recognizes committed macrophage precursors (late CFU-M) and monocytes (DeBruijn et al. 1994) . We purified blast cells in the ER-MP12
hi /c-kit hi /ER-MP20 − fraction as well as remaining hi cells that express no or only low levels of ER-MP12. Colony forming ability was assessed in a mixed colony assay that contained myeloid growth factors, stem cell factor and EPO (Fig. 2C ). Both cell populations contained precursor cells; however, the highest proportion of clonogenic precursors was present in the ER-MP12 hi /c-kit hi population. Neither population contained any IL-7 dependent B-cell precursors, but both were able to form all myeloid cell types (granulocytes, monocytes/macrophages, mast cells and erythrocytes; Fig. 2D , lower panel). From the colony assay it seemed that the ER-MP12 − /c-kit hi population was less pure, but contained a higher proportion of more primitive precursor population (CFU-mix) as compared to the ER-MP12 hi /c-kit hi /ER-MP20 − population (Fig. 2D ), whereas CFU-GM colony forming ability was similar. This is consistent with the finding that hematopoietic stem cells express low levels of ER-MP12 (van der Loo et al. 1995) .
We next subjected our purified precursor populations to in vitro macrophage differentiation conditions in a medium containing IL-1, IL-3, and CSF-1 as described in Jägle et al. (1997) . Cell morphology and surface marker expression of differentiating cells are depicted in Figure  3 . ER-MP12
hi /c-kit hi /ER-MP20 − cells did not express lineage markers ( Fig. 3D ) and displayed a homogenous blast like morphology ( Fig. 3F ) with a characteristic forward scatter/sideward scatter (FSC/SCC) profile (Fig. 3A) . During differentiation this profile progressively shifted towards the heterogeneous pattern seen with mature monocytes/macrophages (Fig. 3A) .
Only the ER-MP12 hi /c-kit hi /ER-MP20 − population ( Fig. 3F ) was capable of immediately responding to our growth factor conditions. The first dividing blast cells were seen as early as day 1 with only a limited amount of apoptosis being apparent in the cultures (∼30% of the cells), and after day 2 the culture only contained rapidly growing nonadherent myeloid blasts cells (Fig. 3F ). The cells rapidly lost the c-kit staining that was initially present during precursor purification (Fig. 3C ). After day 4 the first adherent monocytes were apparent (Fig. 3F) . By day 7 pure adherent monocyte/macrophage cultures were formed (Fig. 3F ) that could be further stimulated by the addition of LPS and ␥-Interferon. During macrophage differentiation, expression of ER-MP12 in the entire cell population decreased and ER-MP20 expression increased as expected (DeBruijn et al. 1994) , whereby mature macrophages did not express either marker (Fig. 3B) .
The different types of hematopoietic precursors can not only be characterized by their surface marker expression, but also by the expression of transcription factors and marker genes specific for a defined differentiation state . We therefore conducted an extensive RT-PCR experiment examining the expression levels of a number of such genes in both purified precursor populations (Fig. 4 , ER-MP12 − /c-kit hi , ER-MP12 hi /c-kit hi ) and the cells from different time points during the in vitro differentiation culture. Both precursor populations expressed mRNA encoding c-myb, GATA-1, GATA-2, and myeloid-associated factors such as PU.1, AML1, C/EBP␣, and C/EBP␤ (Tenen et al. 1997 ). The expression of both C/EBP␣ and C/EBP␤ mRNA was upregulated during the early stages of macrophage differentiation, whereas c-myb, GATA-1, GATA-2, were downregulated. AML1 and PU.1 mRNA levels declined slightly in mature macrophages. Mouse lysozyme is highly expressed in macrophages and granulocytes and is switched on at the CFU-GM stage (Jägle et al. 1997) . No expression of this gene was detected in purified precursors and it was first detected at a low level at day 2, confirming that we have indeed purified multipotent myeloid progenitor cells. The inducible nitric oxide synthase (iNOS) gene, a marker for mature, activated macrophages (Alley et al. 1995) was not expressed in any of the precursor populations. As expected, expression of iNOS required treatment of the cells with LPS/␥-Interferon.
The comparison of their colony forming ability, cell surface marker, and marker gene expression characteristics with what was described previously for the common myeloid progenitor cell ; Fig. 2A ) indicates that the ER-MP12
hi /c-kit hi /ER-MP20 − population represents a similar multipotent myeloid precursor population. This cell population, which we are using as a starting population for our in vivo footprinting assays (1) has no B-lymphoid potential, (2) represents an earlier myeloid differentiation stage than CFU-GM, and (3) within the limits of our assay system, is not contaminated with mature cells.
ER-MP12 hi /c-kit hi /ER-MP20 − cells do not display measurable CSF-1 receptor protein on their surface but express low levels of c-fms mRNA
The expression of c-fms in the macrophage differentiation system was assessed by flow cytometry using an anti-c-fms antibody (Sudo et al. 1995; Fig. 3E) . No cells expressing the surface receptor could be detected in the initial purified ER-MP12 hi /c-kit hi /ER-MP20 − (day 0). After day 2 of in vitro differentiation, CSF-1 receptor was detected at a low level on most cells. The cell population homogeneously shifted to higher expression levels at day 3 and reached a plateau at day 4. In late monocytes and adherent macrophages, the level of CSF-1 receptor protein started to decrease. The up-and down-regulation of CSF-1 receptor expression was consistent with the mRNA levels in the population (Fig. 4, upper left panel) . With the more sensitive RT-PCR, a low level of c-fms mRNA was detectable in both populations of purified precursors at day 0. C-fms messenger RNA levels in differentiating cells increased with time reaching their highest levels in day 7 monocytes/macrophages. Treatment of these cells with LPS and LPS/␥-Interferon that was sufficient to induce iNOS expression, down-regulated c-fms mRNA levels, as it was shown previously by nuclear run-on assays (Gusella et al. 1990 ) and studies of mRNA elongation (Yue et al. 1993) .
Taken together, our experiments show that differentiating cells undergo a defined order of morphological, gene expression, and surface marker expression alterations. 
The c-fms promoter is occupied in c-fms low-expressing precursor cells and maintains the same chromatin fine structure throughout macrophage differentiation
The experiments described above demonstrated that in our in vitro macrophage differentiation system the c-fms gene is synchronously activated in a cell population of sufficient size for chromatin assembly studies. We therefore set out to examine changes in transcription factor occupancy on c-fms cis-regulatory elements during macrophage in vitro differentiation. To obtain this information we used the in vivo footprint methods described by Kontaraki et al. (2000) , which depend on the fact that transcription factors and chromatin structure affects the reactivity of DNA with dimethyl sulfate (DMS) or UV, both of which can be applied to intact cells. After in vivo formation of alkylated or dimerized bases, the position of these lesions is determined at nucleotide resolution by use of LM-PCR or a related technique (TD-PCR; see Chen et al. 2001 ). RT-PCR was performed on the total RNA prepared from purified precursor and differentiated cells as described in Materials and Methods. Arbitrary units were calculated after determining the fluorescent intensity of DNA stained with ethidium bromide using the Molecular Imager FX system. The bars represent the mean value of two independent amplifications normalized to GAPDH intensity.
Factor assembly on c-fms gene during myelopoiesis
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The pattern of reactivity with DMS for several cell types and enriched fractions is shown in Figure 5A . This type of data was used to determine the in vivo transcription factor occupancy of the c-fms proximal promoter, and the results are summarized in Figure 5B ,D. Three purine-rich ets binding sites and a C/EBP site described previously (Yue et al. 1993; Reddy et al. 1994; Ross et al. 1998; Xie et al. 2002) were found to be occupied in vivo, as evidenced by changed reactivity to DMS relative to naked DNA and control cells.
Two of the C/EBP site at −161 bp. To perform accurate quantification and normalization of the bands, samples were labeled with fluorescent primers and were analyzed and quantified on a LiCOR sequencer as described in Kontaraki et al. (2000) . This analysis confirmed high occupancy of the c-fms proximal promoter region in myeloid precursors. An example for such an analysis examining the −130 bp PU.1 site is depicted in Figure 5B . Weak DMS hyper-reactivity at the −130 bp PU.1 site was also detected in the ckit + /ER-MP12 − precursor population, indicating that the low level of expression in this population may originate from a few contaminating c-fms expressing cells. It is also apparent that ongoing transcription starting from the clustered transcription start sites downstream of the PU.1 site at−130 bp correlates with a significant change in DMS accessibility at a number of G-residues in this area, but the accessibility is not affected by the level of transcription.
DMS in vivo footprinting gives valuable information about the binding of transcription factors in living cells, but relatively little information about chromatin structure, as nucleosomes do not affect DMS reactivity. We recently developed a novel highly sensitive UV-photofootprinting technique that detects changes in DNA fine structure generated by DNA-protein interaction (Komura and Riggs 1998; Chen et al. 2001) and is based on the differential formation of UV-dimers. We applied this technique to the cell populations described above. The result is depicted in Figure 5C . As with DMS in vivo footprinting, a number of chromatin fine structure differences downstream of the −103 PU.1 site were detectable in c-fms-expressing cells when compared to fibroblasts and ER-MP12 − /c-kit hi /ER-MP20 − cells. Interestingly, although transcription factor occupancy was different, the chromatin structure around the PU.1/C/ EBP binding site at −176 bp, which is upstream of the area where mRNA initiation occurs, was highly similar between ER-MP12 − /c-kit hi /ER-MP20 − cells and ER-MP12 hi /c-kit hi /ER-MP20 − cells, but differed from that of fibroblasts. The UV-dimer pattern of the latter resembled what was obtained with naked DNA. Changes caused by LPS treatment are also apparent and will be discussed in a later section.
Transcription factors binding to FIRE
As noted above, FIRE plays a crucial role in the regulation of c-fms expression. FIRE contains numerous candidate elements within a remarkably conserved 300-bp region comprising an almost continuous array of apparent consensus elements that might bind myeloid-specific factors such as PU.1/ets, C/EBP, and AML1 (Himes et al. 2001 ; Fig. 6C ). However, whether these proteins actually bind to these sites had not been examined previously. We determined transcription factor occupancy of FIRE by in vivo DMS-footprinting in the cell populations described above. The results are depicted in Figure  6 . The 5Ј part of FIRE is characterized by two SP1/3 sites that both extensively overlap with PU.1/ets consensus sequences (promoter proximal and distal SP1/3/ets clusters). Both clusters were occupied in day 7 macrophages. Our in vivo footprinting experiments in addition provide evidence for occupancy of at least one of two AML1 sites (AML1[2]) in the FIRE element. Whether AML1 site 1 (Fig. 6C ) was occupied by AML1 in vivo was difficult to decide, due to an extensive overlap with ets and SP1/3 consensus sequences that both share the same potential G(N7) contacts. Further downstream, two PU.1 sites that partially overlap were occupied in vivo. 3Ј of these an ets binding site and a C/EBP site were occupied, as well as binding sites for a number of unknown factors. One of these unknown factors (FBF1, see below) bound at the 3Ј end of FIRE with a footprint over the sequence ggggggtttga. No matrix for known transcription factor binding to this site could be identified.
To validate the footprinting data and to confirm that macrophages express nuclear proteins that bind these elements, electrophoretic mobility shift assays (EMSA) were performed with nuclear extract from bone marrow derived macrophages (BMM) (Fig. 8, see below) . Protein binding from MOP31C B lymphoblasts were also analyzed to perform an initial evaluation whether any complexes displayed myeloid specificity. An Sp1 protein complex was observed on an oligonucleotide containing the distal Sp1 consensus element of FIRE, as determined by supershift assay with Sp1 specific antibody (Fig. 8A) . A more extended oligo was also recognized by a factor binding to the ets site (data not shown). Similar Sp1 binding/antibody supershift and ets binding was observed on an oligonucleotide which contained the identical proximal FIRE Sp1 element (data not shown). The novel element within FIRE bound a factor with myeloid specificity as it showed no detectable protein binding in the lymphocyte cell lines (Fig. 8B) . We refer to this complex as FBF1 (FIRE-binding-factor 1). EMSAs examining binding of the ubiquitously expressed oct1 factor demonstrated a comparable quality of the extracts (Fig. 8B,  lower panel) .
Both AML1 sites in FIRE showed binding of multiple protein complexes of identical mobility to those binding the previously characterized AML1 binding site within the Molony murine leukemia virus enhancer (MMLV) (Wang and Speck 1992;  Fig. 8C,D; data not shown). There is no sequence homology outside of the core consensus TGTGGT present in the FIRE and MMLV sites. All protein complexes appeared to be related to the AML/CBF␤ core binding factor proteins because the FIRE AML site and the MMLV AML site could cross-compete for protein binding.
Dynamic alterations in transcription factor occupancy at FIRE during myeloid precursor maturation
In contrast to the promoter, the assembly of the different transcription factor complexes at FIRE was differentially regulated. The factor binding sites at FIRE appeared to be only partly occupied in day 0 myeloid precursor cells (Fig. 6) . In addition, a number of individual binding sites such as the proximal SP1 and ets sites, the AP2 and the FBF1 site were bound in ER-MP12 − /c-kit hi /ER-MP20 cells, whereas other binding sites such as the distal SP1 site were not occupied. During myeloid precursor maturation, the factor complexes on a subset of binding sites such as the PU.1 (2), C/EBP, AP2, ets, FBF1 sites, some unknown factors and the proximal SP1/ets cluster were coordinately assembled and disassembled. An initial upregulation was followed by a down-regulation at day 7. This result was highly reproducible and could be confirmed by the quantification of normalized bands (Fig. 7) . Interestingly, not all factor-binding sites were bound with the same kinetics. The quantification of bands also revealed that the proximal SP1/ets cluster (Fig. 7C) , the PU.1 (1) site at +2781 (Fig. 7B) , and the distal SP1 cluster at +2718 (data not shown) stay occupied in day 7 macrophages.
Distinct changes in transcription factor occupancy and chromatin fine structure at c-fms cis-regulatory elements after LPS stimulation
To examine further the relationship between chromatin fine structure/site occupancy and c-fms transcription we examined the effect of LPS on macrophages differentiated from purified precursors. LPS treated macrophages cease to grow and undergo a number of functional and morphological changes (for review, see Sweet and Hume 1996) . LPS promotes macrophage activation and causes down-regulation of c-fms expression at the transcriptional level (Gusella et al. 1990; Yue et al. 1993 ).
In the promoter, the down-regulation of c-fms expression after LPS treatment is associated with a reduction in occupancy for all promoter-bound transcription factors as exemplified by a weaker DMS hyper-reactivity at the PU.1 site at −130 bp (Fig. 5B, top panel) . This result was confirmed by UV-photofootprinting. DNA prepared from LPS treated cells showed a number of quantitative and qualitative changes in UV-dimer formation frequency as compared to untreated cells and precursors (indicated as gray circles in Fig. 5C ). The effect of LPS was complex. Chromatin structure around the transcriptional start sites seemed to revert to the inactive pattern seen in fibroblasts but in other regions it was unchanged (upstream of −161 bp, see above) or a new pattern was observed that differed from that observed with fibroblasts (downstream of −57 bp).
At FIRE, LPS treatment led to a further reduction in binding of the factors already reduced in binding at day 7 of differentiation (Figs. 6, 7, top panel) . In contrast to the promoter and as noticed above, also after LPS stimulation a subset of sites, the PU.1 (1) site and the distal SP1 cluster, stayed completely occupied. We observed no further changes in transcription factor composition of the FIRE enhancer complex.
Discussion
Multipotent progenitor cells display no measurable CSF-1 receptor on the surface but express a low level of c-fms mRNA
One goal of this study was to establish an in vitro differentiation system for macrophages, and then use it to study the dynamics of transcription factor assembly and chromatin fine structure alterations on genes specifically expressed by macrophages. We succeeded in purifying a homogeneous population of early multipotent myeloid precursor cells. This was indicated by the combination of growth factor responsiveness, surface marker expression, colony forming ability, and gene expression profile of our purified cell populations. We detected low levels of c-fms mRNA in the purified progenitors. Although we were unable to detect any CSF-1 receptor protein expression on the surface of these cells, this may mean that some cells express a low level of functional receptor protein that would render them CSF-1 responsive. A number of studies have detected c-fms expression in multipotent hematopoietic precursor cells (Hu et al. 1997; Nutt et al. 1999; Akashi et al. 2000) and even purified hematopoietic stem cells (HSCs) (Kondo et al. 2000) . This is in contrast to other genes, such as the chicken lysozyme gene that bind transcription factors and activate transcription exclusively in more mature myeloid cells (Kontaraki et al. 2000; J. Kontaraki, S. Chong, A.D. Riggs, and C. Bonifer, unpubl.) . It is likely that c-fms mRNA is actually expressed in only a subset of these cells at any moment in time, as shown by studies that examined c-fms expression in purified lin-/ CD34+ precursors at single cell level (Hu et al. 1997 ), but this is not a key issue. The key point is that prior to lineage commitment and high level expression of c-fms, we can demonstrate complete transcription factor occupancy of the c-fms promoter and reorganization of chromatin in the precursor population as a whole. Our experiments add to the growing number of results indicating that epigenetic cell fate decisions precede the appearance of surface marker proteins and morphological changes (Bossard and Zaret 1998; Hernadez-Munain et al. 1999; Kontaraki et al. 2000; Spicuglia et al. 2000) . For the c-fms gene, we now know which factors are involved in these decisions. From the viewpoint of the biology of CSF-1, the data are consistent with the view that this macrophage growth factor acts to promote growth and survival of hematopoietic cells that are already committed to myelopoiesis (Lagasse and Weissman 1997) .
Dynamic assembly of transcription factors binding to FIRE during macrophage differentiation
Although the mouse and human c-fms proximal promoters have been studied extensively, FIRE was described only recently (Himes et al. 2001) . The in vivo and in vitro analyses herein support the view that FIRE is a crucial determinant of transcriptional activity at the c-fms locus during macrophage lineage commitment. In transgenic mice, the 3.5-kb c-fms exon 2 promoter and downstream intron containing FIRE are sufficient to direct reproducible and lineage restricted expression of an EGFP reporter gene. Deletion of the 300-bp FIRE sequence completely abolished EGFP expression in both stablytransfected macrophages and transgenic mice (Himes et al. 2001 ; R.T. Sasmono, D. Oceandy, J.W. Pollard, W. Tong, P. Low, R. Thomas, P. Pauli, M.C. Ostrouski, S.R. Himes, and D.A. Hume, in prep.) . The FIRE region binds a complex set of proteins previously shown to be important for gene regulation in macrophages, such as PU.1 C/EBP family, ets-factors, Sp1, and AML1 (Tenen et al. 1997) . Both the promoter and FIRE were bound by PU.1 in vivo thus confirming the important role of this transcription factor in the regulation of c-fms expression in myeloid precursors of adult mice (DeKoter et al. 1998) . During development, other members of the Ets family may also bind these sites, as the function of PU.1 in c-fms transcription is at least partly redundant (Ross et al. 1998; Lichanska et al. 1999; Luchin et al. 2001) . Furthermore, we have identified multiple AML/CBF␤ binding elements in the enhancer region of the mouse c-fms gene. AML-1 has been strongly implicated in transcriptional regulation in myeloid cells, in line with its clear role as a target for translocations in human myeloid leukaemias (for review, see Speck 2001) . The human c-fms promoter contains a high affinity AML-1 binding site that regulates transcription (Zhang et al. 1994; Rhoades et al. 1996) but neither this sequence, nor an adjacent C/EBP site, is conserved in the mouse gene. The mouse enhancer sequence contains two functional binding sites for AML-1, only one of which, the upstream element, is completely conserved in the human sequence. Preliminary experiments with macrophage cell lines carrying stably transfected FIRE-bearing reporter gene constructs suggest that AML1/CBF␤ can indeed trans-activate this element; however, the interpretation of these experiments in complicated by the fact that bacterial DNA alters macrophage physiology (Sester et al. 1999 ). This and because the function of FIRE is dependent on chromatin context, functional evaluation of the putative AML1 site, and other individual FIRE cis-acting elements, will require the introduction of mutations in the mouse germ line. The novel myeloid-expressed factor FBF-1, which binds an element identified through the in vivo footprinting experiments, is another major focus of further study.
Our studies clearly indicate that in contrast to the promoter, the extent of transcription factor occupancy at FIRE increased with increased c-fms transcription during macrophage differentiation. Within the temporal resolution of our differentiation system, sequential assembly of transcription factors could not be detected, suggesting that the factors on FIRE are organized synchronously into an enhanceosome (Merika and Thanos 2001) . We infer that transcription factor assembly on FIRE is probably cooperative, similar to what has been observed with the T-cell receptor ␣ enhancer (Hernandez-Munain et al. 1998) or the IL-2 promoter/enhancer (Garrity et al. 1994) . Such cooperativity will need to be considered in interpreting any effects of individual mutations of the conserved elements of FIRE.
At the final stages of our macrophage differentiation culture the composition of the transcription factor complex binding to FIRE enhancer changed. A number of factor complexes were disassembled, whereas others remained. The most likely reason for this is that c-fms gene expression is modulated by CSF-1 itself (Yue et al. 1993) . As CSF-1 is a vital component of our differentiation culture medium, it is likely that at early stages of differentiation when no or little CSF-1 receptor is expressed, precursors rely mostly on IL-3 for proliferation (Bartelmez et al. 1989; Breen et al. 1990) . As the cells differentiate and express higher levels of CSF-1 receptor, their growth becomes dependent on the action of CSF-1. This, in turn, will initiate down-regulation of c-fms transcription. However, prolonged CSF-1 treatment had no effect on the overall accessibility of chromatin at FIRE. Similar to the promoter, also extended regions of FIRE surrounding chromatin stayed accessible to restriction enzyme digestion in mature, bone marrow-derived macrophages.
Alterations of chromatin fine structure on the c-fms promoter and transcription factor composition on FIRE after LPS treatment
Our results indicate that after LPS treatment, the transcription factor occupancy at both the promoter and FIRE was reduced, and the respective transcription factor complexes were disassembled. At the promoter, we observed no change in transcription factor composition. All in vivo G(N7) contacts became weaker, indicating a coordinate destabilization of the promoter complex. However, LPS treatment was accompanied by distinct chromatin fine structure alterations. Our photofootprinting data show clearly that chromatin structure at the c-fms promoter does not entirely revert to the pattern seen in c-fms nonexpressing cells, but rather adopts a new conformation, which is particularly apparent around the transcription start sites. This result is consistent with our DHS mapping experiments in murine macrophage cell lines that showed no difference in DNAseI accessibility with or without LPS treatment (Himes et al. 2001) . LPS treatment has been shown to have an effect not only on c-fms transcription (Gusella et al. 1990 ), but also affects mRNA elongation downstream of the ATG (Yue et al. 1993 ). The chromatin fine structure alterations may therefore reflect the presence of stalled RNA polymerase molecules downstream of the transcription start sites. This would lead to topological changes in DNA structure that could be picked up by photofootprinting. mRNA levels of some transcription factors involved in c-fms regulation were apparently down-modulated after LPS treatment of macrophages (PU.1, C/EBPs, AML-1; Fig. 4 ), which in theory could account for the reduction of transcription factor occupancy at the promoter and at FIRE. However, binding to the distal SP1/ets/AML1 cluster at + 2718 bp and the PU.1 (1) site was not reduced after LPS treatment of day 7 macrophages and Sp1/AML1 activity was high in mature macrophage cells (Fig. 8) .
One reason for this behavior may be that besides its activity as an enhancer that is required for c-fms promoter activation, FIRE may have a second role as an LPS-inducible antisense promoter (Himes et al. 2001; R. Himes and D.A. Hume, unpubl.) . This would explain the finding that intronic sequences including FIRE are not only Factor assembly on c-fms gene during myelopoiesis required for c-fms activation, but also for the block in mRNA elongation after LPS treatment (Yue et al. 1993) . In this respect it may be relevant that FIRE contains several overlapping binding sites for different constitutive and LPS-inducible proteins. For example, Sp1 has been shown to be LPS inducible (Brightbill et al. 2000; R. Himes and D.A. Hume, unpubl.) and could maintain binding in this particular context. Because LPS also causes posttranscriptional modifications in several of the factors that bind the FIRE sequence, notably PU.1 (Lodie et al. 1997) , it is possible that functional changes in FIRE occur without changes in binding site occupancy.
Taken together, our experiments provide a first glimpse into the dynamics of transcription factor complex formation and transcription regulation during cell differentiation in hematopoietic cells of higher eukaryotes. Future experiments will employ the techniques we have developed to gain further insights into the molecular details of differentiation decisions at the level of chromatin structure and expression of myeloid specific genes.
Materials and methods
Cell purification, tissue culture, and FACS analysis
Bone marrow cells were stained with CD4, CD8, CD11b, CD19, Gr1, F4/80, Ter119 monoclonal antibodies (mABs), and followed by depletion of lineage positive cells by magnetic cell spearation as described previously (Geiger et al. 1998) . The lineage-depleted fraction was stained with anti rat IgG-FITC (Pharmingen), FITC conjugated anti ER-MP20, PE conjugated anti c-kit and biotinylated anti ER-MP12 mABs, followed by streptavidin-PECy5. Cell sorting was performed on a FACS Vantage cell sorter (Becton Dickinson). C-kit high /ER-MP12 high /ER-MP20 − cells were cultured in macrophage differentiation medium, which consisted of Iscove's modified DMEM, 10% FCS, 10% L-cell conditioned medium as a source for CSF-1, 5% IL-3 conditioned medium and 100U/mL recombinant mIL-1 (a gift from the Genetics Institute). Medium conditioned by X63 Ag8-653 myeloma cells carrying an expression vector for IL-3 was used at 5% as a source for IL-3 (Karasuyama and Melchers 1988) . Expression of cell surface antigens was detected by staining with PE-anti c-kit, FITC-anti ERMP-20, biotinylated anti-ERMP12, followed by streptavidin-PECy5 and FITC conjugated anti-CSF-1 receptor mAb, AFS98 (Sudo et al. 1995 ; a gift from S. Nishikawa), followed by flow cytometoric analysis performed on an Epics flow cytometer (Beckman Coulter). Morphological analysis was performed by May-Grünwald Giemsa staining.
Colony assay
One thousand cells from sorted fraction (C-kit high /ER-MP12 high and C-kit high /ER-MP12 − ) was plated in 1 mL of a murine CFUmix assay medium, Methocult M3434, (Stem Cell Technologies) into 30 mm petri dishes (Sterilin) and cultured in a moisture chamber under 5% CO 2 at 37°C. Colonies are counted at day 8 for BFU-E and myeloid colonies. At day 8, individual colonies were picked up and subjected to May-Grünwald Giemsa staining.
Restriction enzyme accessibility assay
Restriction enzyme accessibility assays were performed as described previously (Kontaraki et al. 2000) . Embryonic fibroblasts and bone marrow derived macrophages cultured in 6 cm tissue culture dishes were permeabilized, digested with 100 U of XbaI, HinfI, PvuII, SspI, XmnI, BanII, HindIII, and EcoRI in the corresponding reaction buffer for 1 h at 37°C. After restriction enzyme digestion, genomic DNA was purified, digested with BamHI or PstI to look at the promoter region and second intron, respectively, and analyzed by Southern blotting by using a PvuI- . Assays were performed with the nuclear extracts described in A. (Lower panel) Control for the different extracts using an oct consensus oligo. The upper, stronger band is generated by oct1, the lower band by oct2. (C) Protein binding assays were performed on one of the consensus AML-1 sites within the FIRE enhancer. Assays were performed with the nuclear extracts described in A. (D) Distinct protein-DNA complexes forming on the FIRE AML element (FAML) were compared to those forming on the previously characterized MMLV LTR binding site (VAML). Nuclear extracts from BMM were used in the assays (M). The ability of each element to cross-compete for protein binding was also assessed by addition of excess unlabeled oligonucleotide (comp.). The AML/CBF related protein binding is marked.
